Combinatorial biosynthesis aspires to exploit the promiscuity of microbial anabolic pathways to engineer the synthesis of new chemical entities. Fungal benzenediol lactone (BDL) polyketides are important pharmacophores with wide-ranging bioactivities, including heat shock response and immune system modulatory effects. Their biosynthesis on a pair of sequentially acting iterative polyketide synthases (iPKSs) offers a test case for the modularization of secondary metabolic pathways into "build-couple-pair" combinatorial synthetic schemes. Expression of random pairs of iPKS subunits from four BDL model systems in a yeast heterologous host created a diverse library of BDL congeners, including a polyketide with an unnatural skeleton and heat shock response-inducing activity. Pairwise heterocombinations of the iPKS subunits also helped to illuminate the innate, idiosyncratic programming of these enzymes. Even in combinatorial contexts, these biosynthetic programs remained largely unchanged, so that the iPKSs built their cognate biosynthons, coupled these building blocks into chimeric polyketide intermediates, and catalyzed intramolecular pairing to release macrocycles or α-pyrones. However, some heterocombinations also provoked stuttering, i.e., the relaxation of iPKSs chain length control to assemble larger homologous products. The success of such a plug and play approach to biosynthesize novel chemical diversity bodes well for bioprospecting unnatural polyketides for drug discovery.
Combinatorial biosynthesis aspires to exploit the promiscuity of microbial anabolic pathways to engineer the synthesis of new chemical entities. Fungal benzenediol lactone (BDL) polyketides are important pharmacophores with wide-ranging bioactivities, including heat shock response and immune system modulatory effects. Their biosynthesis on a pair of sequentially acting iterative polyketide synthases (iPKSs) offers a test case for the modularization of secondary metabolic pathways into "build-couple-pair" combinatorial synthetic schemes. Expression of random pairs of iPKS subunits from four BDL model systems in a yeast heterologous host created a diverse library of BDL congeners, including a polyketide with an unnatural skeleton and heat shock response-inducing activity. Pairwise heterocombinations of the iPKS subunits also helped to illuminate the innate, idiosyncratic programming of these enzymes. Even in combinatorial contexts, these biosynthetic programs remained largely unchanged, so that the iPKSs built their cognate biosynthons, coupled these building blocks into chimeric polyketide intermediates, and catalyzed intramolecular pairing to release macrocycles or α-pyrones. However, some heterocombinations also provoked stuttering, i.e., the relaxation of iPKSs chain length control to assemble larger homologous products. The success of such a plug and play approach to biosynthesize novel chemical diversity bodes well for bioprospecting unnatural polyketides for drug discovery.
secondary metabolites | fungal genetics E ncompassing one of the largest classes of structurally diverse small molecule natural products, polyketides have provided multiple clinically useful drug classes that save lives (1) (2) (3) . Natural polyketides from diverse microorganisms also deliver novel scaffolds that can be exploited in drug discovery programs by semisynthetic modification and combined chemical and biosynthetic approaches (4, 5) and as inspiration for total synthesis and combinatorial chemistry (6, 7) . A complementary approach is combinatorial biosynthesis, which strives to reengineer biosynthetic pathways to generate novel polyketide scaffolds by one-pot, onestep synthesis via fermentation of recombinant microorganisms.
Among fungal polyketides, benzenediol lactones (BDLs) offer rich pharmacophores with an extraordinary range of biological activities (8) . They are defined by a 1,3-benzenediol moiety bridged by a macrocyclic lactone ring (9) . Among BDLs, resorcylic acid lactones (RALs) display a C2-C7 connectivity, whereas dihydroxyphenylacetic acid lactones (DALs) feature a C3-C8 bond. Monocillin II (1; Fig. 1 ) and their congeners (radicicol and the pochonins) are RALs with 14-membered rings (RAL 14 ) that are specific inhibitors of heat shock protein 90 (Hsp90) (9, 10) . Inhibition of Hsp90 promotes the degradation of oncogenic client proteins and leads to the combinatorial blockade of multiple cancer-causing pathways. Resorcylides and lasiodiplodins are RALs with 12-membered macrocycles (RAL 12 ): these phytotoxins display mineralocorticoid receptor antagonist and prostaglandin biosynthesis inhibitory activities in animals. 10,11-dehydrocurvularin (7; Fig. 1 ) is a DAL with a 12-membered ring (DAL 12 ) that modulates the heat shock response and the immune system (8, 9) . BDL scaffolds are biosynthesized by pairs of collaborating, sequentially acting iterative polyketide synthases (iPKSs) (3) forming quasi-modular BDL synthases (BDLSs) (Fig. 1) (11-14) . Each of the BDLS subunits catalyze recursive, decarboxylative Claisen condensations of malonyl-CoA using a single core set of ketoacyl synthase (KS), acyl transferase (AT), and acyl carrier protein (ACP) domains. BDL assembly initiates on a highly reducing iPKS (hrPKS) that produces a short chain carboxylic acid priming unit for a second, nonreducing iPKS (nrPKS). The length of the priming unit is set by the KS domain of the hrPKS, whereas the distinctive redox pattern and the configuration at each stereocenter is determined by the ketoreductase (KR), dehydratase (DH), and enoyl reductase (ER) domains that reduce the nascent β-keto groups after each condensation step according to a cryptic biosynthetic program (3) . A direct handover of the priming unit from the hrPKS is catalyzed by the starter unit:ACP transacylase (SAT) domain of the nrPKS (15) . After a set number of further elongation cycles without reduction, the highly reactive polyketide intermediate is guided by the product template (PT) domain of the nrPKS toward a programmed,
Significance
Benzenediol lactone (BDL) polyketides are privileged structures whose various members bind to distinct receptors or modulate the heat shock response and the immune system. BDLs are biosynthesized by collaborating polyketide synthase enzyme pairs in fungi. Coexpressing random heterocombinations of these enzymes from different BDL biosynthetic pathways in yeast cells is shown here to lead to the one-pot, one-step combinatorial biosynthesis of structurally diverse polyketides in practical amounts. Combinatorial biosynthesis promises to generate a novel unexplored source of bioactive molecules in an environmentally sustainable, economical, and inherently scalable manner. Broadening the medicinally relevant chemical space of polyketides by such methods will provide unnatural products as valuable entry points for drug discovery and development.
regiospecific first ring closure (16) . This aldol condensation yields a resorcylic acid moiety in the C2-C7 register or a dihydroxyphenylacetic acid group in the C8-C3 register (16) (17) (18) . The last step of BDL scaffold biosynthesis is the release of the product, catalyzed by an O-C bond-forming thioesterase (TE) domain of the nrPKS. TE domains form the BDL macrolactone using the ω-1 alcohol as a nucleophile, but may use alternative nucleophiles such as the C9 enol to yield α-pyrones or water or alcohols from the media to form acyl resorcylic acids (ARAs), acyl dihydroxyphenylacetic acids (ADAs), and their esters (18) (19) (20) (21) (22) . iPKSs that produce BDLs in the RAL 14 , RAL 12 , and DAL 12 subclasses have been characterized and reconstituted both in vivo by heterologous expression in yeast and in vitro using isolated recombinant iPKS enzymes (11) (12) (13) (14) (23) (24) (25) . Domain exchanges among different BDLSs were used to decipher some of the programming rules of these enzymes and yielded a limited number of structurally diverse unnatural products (3, 18, 20, 21, 26, 27) .
Combinatorial biosynthesis of polyketides is still in its infancy. Mix and match combinations of small, discrete type II PKSs from bacteria have yielded some novel scaffolds, but the outcome of the reactions proved difficult to predict and conceptualize. Engineering targeted changes in modular type I PKSs of prokaryotes generated small, focused libraries of conservative variants of selected bioactive scaffolds. However, these pioneering works with prokaryotic PKSs also yielded many unproductive combinations, suffered from greatly reduced product yields, and realized only a small fraction of the potential chemical space (28) (29) (30) (31) .
Large-scale combinatorial biosynthesis with fungal iPKSs has not yet been described. Nevertheless, fungal BDLs provide a unique opportunity for diversity-oriented combinatorial biosynthesis. This is because BDLSs from different organisms are orthologous enzymes that are nonetheless programmed to generate nonequivalent, structurally complex macrocyclic products using malonyl-CoA as their sole, shared precursor. In this work, we considered whether BDL biosynthesis may be refactored to a modular, parallel synthetic scheme in which individually programmed biosynthons are freely coupled and released after intramolecular cyclization, in analogy to a build-couple-pair strategy in combinatorial chemistry (7, 32) . Further, we explored whether BDLS subunit heterocombinations also reveal differences in iPKS promiscuity and plasticity.
Results and Discussion
Plug and Play BDL Biosynthesis. We have used four iPKS pairs as model systems: CcRadS1-CcRadS2 for the RAL 14 monocillin II (a precursor of radicicol); AzResS1-AzResS2 and LtLasS1-LtLasS2 for the RAL 12 resorcylides and lasiodiplodins, respectively; and AtCurS1-AtCurS2 for the DAL 12 curvularins ( Fig. 1) (12, 14, 25) . Although originating from fungi of different Pezizomycotina classes, the hrPKSs on one hand and the nrPKSs on the other are orthologous and display identical domain organizations, raising hopes that the channeling of biosynthetic intermediates across systems may be feasible. Nevertheless, the BDLS subunits build characteristically different, orthogonal biosynthons ( Fig. 1) . Thus, CcRadS1 and LtLasS1 yield pentaketides with distinct redox patterns, whereas AzResS1 and AtCursS1 elaborate enantiomeric tetraketides differing only in the configuration of the ω-1 stereocenter. CcRadS2 and AzResS2 each extend their priming units with four additional malonyl-CoA units and catalyze aldol condensation in the C2-C7 register to yield a resorcylate carboxylic acid moiety (17, 18) . Although LtLasS2 also assembles a resorcylate building block, it catalyzes only three extension cycles. Finally, AtCurS2 catalyzes four extension cycles but generates a dihydroxyphenylacetic acid moiety by a C8-C3 aldol reaction (14, 18) . We have previously demonstrated the in vivo production of the native polyketide products of the cognate BDLS subunit pairs using compatible yeast expression vectors (14, 18, 25) . In addition to the main onprogram products, both the AzResS and the LtLasS systems yield stutter products when expressed in yeast ( Fig. 1) (25) . Stuttering involves the incorporation of an extra malonate unit by the hrPKS or the nrPKS, leading to an irregular division of labor or "split" between the BDLS subunits (25, 33) . For the current study, we coexpressed the four hrPKSs and the four nrPKSs in every possible pairwise combination. If a subunit heterocombination failed to generate a polyketide (or only did so in minute quantities), we attempted to force the coupling by replacing the SAT domain of the nrPKS (15, 20, 34) with the one that is cognate to the hrPKS. Finally, the intramolecular pair step of the combinatorial synthetic scheme was provided by the nrPKS TE domains to yield a macrocycle or an α-pyrone. Alternatively, TEs may form ARA, ADA, or their esters by using water or alcohols from the media as the nucleophile (20). Biosynthetic assembly of monocillin II, trans-resorcylide, desmethyl-lasiodiplodin, and 10,11-dehydrocurvularin (the "on-program" main metabolites) in recombinant S. cerevisiae BJ5464-NpgA (24, 40) strains by native BDLSs (12, 14, 25) . R indicates the hrPKS-generated priming unit that is elaborated by the nrPKS. Numerals in the colored spheres indicate the number of malonate-derived C 2 units (C−C bonds shown in bold) incorporated into the polyketide chain by the hrPKS vs. the nrPKS ("division of labor" or "split" by the BDLS: e.g., 5+4 indicates a pentaketide extended by four more malonate units). Stutter products are minor metabolites produced by extra extension cycles resulting in irregular "splits" (25 Fig. 2 ). Previously observed in low yields, 9 derives by a chance oxidation of the C15 alcohol of 8 by the yeast host (18) . Although AzResS2 is competent to accept and extend either of the enantiomeric tetraketides produced by AzResS1 and AtCursS1, it is unable to form a macrocycle with the C7 alcohol in the (S) configuration. No stutter products were formed in AzResS2 heterocombinations, in contrast to fermentations with the cognate AzResS pair (Fig. 1 vs. Fig. 2 ).
CcRadS2 provided an even more stark contrast for the utilization of the enantiomeric priming units of AzResS1 and AtCurS1 (Fig. 3) . The C7(R) isomer was accepted from AzResS1 and extended efficiently to yield the on-program ARA ethyl ester YXTZ-2-53-c (10, 5 mg/L), even if the shorter product was apparently not compatible with macrocycle formation by TE CcRadS2 . To our surprise, stutter isocoumarin products with an apparent 4+5 split were also formed in good yields (3, 4 mg/L and 11, 3 mg/L), with the racemic 11 presumably derived from 3 by a chance reduction. Formation of small amounts of 3 was also detected with the cognate AzResS pair upon heterologous expression (25) , but stuttering has not previously been observed with CcRadS2. Meanwhile, the isomeric (7S) tetraketide was not accepted by CcRadS2 from AtCurS1, even after replacement of the SAT CcRadS2 domain with SAT AtCurS2 (Fig. 3) . Replacing the TE or the ACP-TE didomain of CcRadS2 with those of AtCurS2 in addition to the SAT exchange did not yield any product either (20) . Only the substitution of the SAT-KS-AT tridomain of CcRadS2 for that of AtCurS2 allowed pairing with AtCurS1 to produce the ARA ethyl ester YXTZ-3-49-1 (20) .
RAL Formation with an nrPKS Catalyzing Three Extension Cycles. The SAT domain of LtLasS2 turned out to be a fastidious catalyst because no products formed on pairing this nrPKS with noncognate (12, 14, 25) . CcRadS2* and the split-color box indicates that SAT CcRadS2 was replaced by SAT AtCurS2 to facilitate coupling with AtCurS1. See Fig. 2 for additional explanations.
hrPKSs. However, the rest of the LtLasS2 chassis is more promiscuous, because SAT domain exchanges allowed product formation in two of the three subunit heterocombinations (Fig. 4) . Thus, the expected on-program RAL 12 product radiplodin (12) was recovered in moderate yields (3 mg/L) on pairing LtLasS2 with CcRadS1, indicating that the two extra double bonds in the priming unit (compared with the LtLasS1-generated starter) are not impediments for the extension or the macrocyclization steps. Stutter products were not detected with the CcRadS1-LtLasS2 pair. Challenging LtLasS2 with the enantiomeric tetraketides produced by AzResS1 and AtCurS1 proved illuminating, for it neatly mirrored the results obtained with CcRadS2 earlier (Fig. 4 vs. Fig. 3 ). Just like CcRadS2, LtLasS2 also produced large amounts of an on-program ARA ester (13, 8 mg/L) and a stutter α-pyrone (14, 3 mg/L, 4+4 split) when provided with the 7R tetraketide by AzResS1 (Fig. 4) . Thus, a priming unit that is shorter than the native ones for CcRadS2 and LtLasS2 may still be suitable for chain extension but not for macrocycle formation. However, when the ω-1 stereocenter of this short priming unit is in the opposite configuration (as with the 7S tetraketide from AtCurS1), product formation was completely abolished, despite the replacement of SAT LtLasS2 with SAT AtCurS2 (Fig. 4) . Collectively, these experiments stress the importance of the ω-1 stereocenter beyond determining the configuration of the exocyclic methyl group in BDLs. Confronted with a priming unit with the alcohol in the wrong configuration, the nrPKS chassis may release an α-pyrone instead of a macrocycle (AzResS2; Fig. 2 ), or abolish polyketide chain extension and/or product release (CcRadS2 and LtLasS2; Figs. 3 and 4).
DAL Formation with an nrPKS Catalyzing Four Extension Cycles.
The configuration of the ω-1 alcohol proved similarly important in pairing AtCurS2 with AzResS1 (Fig. 5) . Here, the expected onprogram DAL 12 product, epi-dehydrocurvularin (15) formed in low yields (0.8 mg/L), accompanied by small amounts of the stutter (5+4 split) DAL 14 product 14,15-dihydroradilarin (16, 0.1 mg/L). Thus, the unfavorable configuration of the stereocenter depressed the yield but did not obstruct macrocycle formation. Stuttering of AzResS1, apparent during the formation of 16, has not been detected with the cognate AzResS pair (25) . Interestingly, neither the R configuration nor the increased length of the priming unit proved to be a barrier to the formation of the expected on-program DAL 14 products with LtLasS1 (lasilarin 17, 10 mg/L) and with CcRadS1 (radilarin 18, 9 mg/L; Fig. 5 ). The coupling of AtCurS2 with CcRadS1 needed to be enforced by an SAT exchange, although trace amounts of 18 also formed without this manipulation (20) . No stutter or nonmacrocyclic products were detected with either subunit heterocombinations.
Biological Activities. Novel BDLs and their congeners isolated in this study were evaluated for their in vitro inhibition of cell proliferation against a panel of five human cancer cell lines and for their heat shock-inducing activity against a reporter cell line (Table 1) (35, 36) . Only radilarin (18) with a DAL 14 skeleton showed significant cytotoxicity, although its potency remained below that of the comparable natural DAL 12 product 10,11-dehydrocurvularin (7). In contrast, radilarin displayed a more potent heat shock response modulatory activity than dehydrocurvularin, although both compounds were significantly less active than monocillin I, used as the positive control (Table 1) . Although the RAL 14 monocillin I and its congeners (radicicol and the pochonins) inhibit Hsp90 (10, 37) , the mechanism of heat shock modulation by the DAL 12 7 has not been clarified (36) . The two additional DAL 14 compounds isolated here, 14,15-dihydroradilarin (16) and lasilarin (17) , showed no cytotoxicity or heat shock induction activity at 5 μM, stressing the importance of the 14(E) double bond for both activities. Similarly, epi-dehydrocurvularin (15) showed no activities in either assays at 5 μM, indicating that the configuration of the exocyclic methyl is critical for inhibition of the targets.
Composite Programming of BDLS Subunit Heterocombinations. Random subunit heterocombinations revealed a surprising promiscuity and flexibility of the model BDLSs (Supporting Information). Regardless of the sizes of their native priming units, all four nrPKSs accepted and processed pentaketide biosynthons. In particular, the flexible 9(R)-hydroxydecanoic acid priming unit from LtLasS1 was universally accepted by all nrPKSs without necessitating SAT domain exchanges, and supported the formation of RAL 14 , RAL 12 , and DAL 14 product skeletons in uniformly good yields (Supporting Information). Neither the length nor the altered redox pattern of the pentaketide priming units influenced the innate programming of the heterologous nrPKSs, not even those expecting a tetraketide primer, with the number of extension cycles, the regioselectivity of aldol condensations, or the release of products as macrocycles remaining on-program. Importantly, stutter products were not detected in any subunit heterocombinations with pentaketide-forming hrPKSs and were present in trace amounts only with the native LtLasS pair (Figs. 2-5) .
In contrast, shorter-than-expected priming units posed an increased challenge. First, although the AzResS1-derived tetraketide was accepted by the pentaketide-expecting nrPKSs CcRadS2 and LtLasS2, this priming unit provoked these nrPKSs to stutter profusely (Figs. 3 and 4 and Supporting Information). We hypothesize that the assembly of stutter products by iPKSs is under kinetic control (38) . In combinatorial contexts, the intrinsic rate of the ACP-to-KS retrotransfer of a shorter intermediate for Fig. 4 . Combinatorial biosynthesis using LtLasS2. Biosynthesis of on-program and stutter products by S. cerevisiae BJ5464-NpgA (24, 40) coexpressing LtLasS2 with heterologous BDL hrPKSs (12, 14, 25) . LtLasS2* in a split-color box indicates replacement of SAT LtLasS2 with the SAT cognate for the heterologous hrPKS (e.g., SAT LtLasS2 replaced by SAT CcRadS2 to facilitate collaboration of LtLasS2 with CcRadS1). See Fig. 2 an extra (stutter) round of ketide homologation can surpass the rate of the on-program processing of that unexpected substrate by a downstream enzyme (SAT for the priming unit on the hrPKS, and PT and TE for the assembled polyketide on the nrPKS). Next, nrPKSs expecting a pentaketide primer were unable to form ring-contracted macrocycles with a tetraketide starter, presumably because shorter-than-expected polyketides are unsuitable substrates for macrocycle formation by the TEs. Last, the AtCurS1-derived tetraketide with the wrong ω-1 stereocenter configuration proved especially problematic, with the pentaketideexpecting nrPKSs refusing this priming unit despite SAT domain exchanges, and AzResS2 generating only α-pyrone products (Figs. 2-4 and Supporting Information). Interestingly, the configuration of the ω-1 stereocenter is far less important for TE AtCurS2 : this enzyme is able to use intermediates featuring either the native (S) or the unexpected (R) configuration for macrocycle formation, albeit at different yields (Fig. 5 ).
Conclusions. Using BDL assembly as a model, we demonstrate for the first time, to our knowledge, a working example of a diversityoriented combinatorial biosynthetic scheme for fungal iPKSs. We show that subunit heterocombinations of four orthologous BDLSs allow the efficient biosynthesis of structurally complex macrocyclic polyketides and their congeners, with 14 of the possible 16 combinations (including the native pairs) producing isolable amounts of polyketides in the heterologous host (Supporting Information). Because the four BDLS systems originated from distant fungal lineages and display orthogonal product specificities (RAL 14 , RAL 12 , and DAL 12 ), their productive collaboration to assemble diverse molecules in good yields was by no means guaranteed. Given the success of these experiments, we expect that extending our combinatorial matrix with additional, native, or chimeric BDLSs embodying different biosynthetic programs will substantially widen the product spectrum while at the same time reveal the innate programming of iPKSs. Thus, successful transfer of heterologous priming units between noncognate enzyme pairs revealed that SAT domains are polyspecific (1, 33) . Nevertheless, SAT domain swaps still proved necessary in some cases to enhance system efficiency by reinforcing BDLS subunit coupling (34) . The rest of the nrPKS chassis turned out to be surprisingly flexible in elaborating foreign biosynthons while remaining mostly faithful to their intrinsic biosynthetic programs. However, shorter-than-expected biosynthons provoked stuttering, highlighting a possible kinetic competition between chain extension vs. product release (25, 39) . The decision gating role of the TE domains (20) was also manifest in substrate-dependent shifts in product release modes, including the formation of macrocycles, α-pyrones, ARA, ADA, and their esters. The unexpected success of the modularization of BDL biosynthesis suggests that diversity-oriented combinatorial biosynthesis will be able to extend the natural product chemical space in a time-and resource-efficient manner. Our work provides a biosynthetic tool to generate unnatural polyketides as an unexplored source of chemical diversity and novelty, ready to be exploited for drug discovery.
Materials and Methods
Strains and Culture Conditions. S. cerevisiae BJ5464-NpgA (MATα ura3-52 his3-Δ200 leu2-Δ1 trp1 pep4::HIS3 prb1 Δ1.6R can1 GAL) (40, 41) served as the host for expression vectors based on YEpADH2p-FLAG-URA and YEpADH2p- 3.0 ± 0.11 2.3 ± 0.04 3.1 ± 0.08 2.7 ± 0.14 2.7 ± 0.14 815 ± 69
Cytotoxic activities are shown as IC 50 values ± SD in μM vs. the following human cell lines: PC3M, metastatic prostate adenocarcinoma; NCI-H460, non-small-cell lung cancer; SF-268, central nervous system glioma; MCF-7, breast cancer; MDA-MB-231, metastatic breast adenocarcinoma. Heat-shock induction activities (HSIA) are shown as the means ± SDs in percentages of the negative control (DMSO). Compounds were tested at 5.0 μM except the positive controls (MON, monocillin I and DOX, doxorubicin), evaluated at 0.5 μM (*). NT, not tested. FLAG-TRP (14, 18, 20, 25) . Construction of expression vectors are described in SI Materials and Methods. Recombinant yeast strains were maintained at 30°C on synthetic complete agar medium [0.67% yeast nitrogen base, 2% (wt/vol) glucose, 1.5% (wt/vol) agar, and 0.72 g/L Trp/Ura DropOut supplement].
Production and Chemical Characterization of Polyketides. Three to five independent S. cerevisiae transformants were analyzed for polyketide production, and fermentations with representative isolates were repeated at least three times. Extraction of polyketides, analysis of extracts by reversed phase HPLC, scaled-up cultivation of yeast strains, and isolation of products followed previous protocols (14, 18, 20, 25) . Low-resolution mass measurements were done on an Agilent 6130 Single Quad LC-MS. Optical rotations were recorded on a Rudolph Autopol IV polarimeter. Circular dichroism (CD) spectra were acquired with a JASCO J-810 instrument. 1 H, 13 C, and 2D NMR (homonuclear correlation, heteronuclear single quantum coherence, and heteronuclear multiple-bond correlation) spectra were obtained in CD 3 OD or C 5 D 5 N on a JEOL ECX-300 spectrometer. See SI Materials and Methods for details.
Biological Assays. Cytotoxicity was evaluated by measuring the increase of fluorescence on reduction of resazurin (AlamarBlue) using human non-smallcell lung cancer (NCI-H460), central nervous system glioma (SF-268), breast cancer (MCF-7), metastatic prostate adenocarcinoma (PC-3M), and human metastatic breast adenocarcinoma (MDA-MB-231) cell lines. Vehicle (DMSO) and positive controls (the chemotherapeutic drug doxorubicin at 0.5 μM), and serial dilutions of test compounds (starting at 5 μM) were evaluated in triplicate, and the assays were repeated twice. Mean fluorescence intensity compared with vehicle controls served as a measure of relative cell viability, as described previously (35) . The semiquantitative heat-shock induction assay (HSIA) used mouse fibroblasts stably transduced with a reporter construct encoding the enhanced GFP under the transcriptional control of a minimal consensus heat shock element (36, 42) . Test compounds at 5 μM were measured in triplicate, with DMSO vehicle as the negative control and monocillin I as the positive control (tested at 0.5 μM). Fluorescence was determined on an Analyst AD (LJL Biosystems) plate reader (excitation, 485 nm; emission, 525 nm). Relative fluorescence intensities were normalized to the DMSO control values and reported as percentages; HSIA activities >250% are considered significant.
